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not bias the estimated effects of social con trols?they can improve predictions. We address the challenging question of genet ic and genetic-environmental influences in this article by incorporating measures of genetic propensities into a classic sociological model of delinquency. The following section reviews two hitherto largely independent lines of research on delinquency:
the social-control life-course approach and the recent developments in molec ular genetics and related evolutionary perspec tives. We then bring together these two lines of inquiry, describing and motivating the gene by social-control interaction analysis reported in this article.
BACKGROUND
The Social-Control Life-Course Theory of Delinquency Contemporary social-control theories (Gottfredson and Hirschi 1990; Hirschi 1969; Sampson and Laub 1993) can be traced to the eighteenth-century writings of Beccaria ([1764] 2004) and Bentham ([1789] 1970) . For both, all human beings intrinsically seek pleasure and avoid pain. "Nature has placed mankind under the governance of two sovereign masters: pain and pleasure. It is for them alone to point out what we ought to do, as well as to determine what we shall do" (Bentham [1789 (Bentham [ ] 1970 .
Applying Beccaria's principle to criminal behav ior, Bentham believed that the pursuit of human pleasure is likely to lead to criminal acts unless the pursuit is checked by painful consequences. Such pain does not have to be physical, nor does it have to originate from the criminal jus tice system. The pain can be physical, political, moral, religious, or social. Individuals contem plating a criminal act simply weigh the pleas ure against the pain involved. A major theoretical and empirical develop ment over the past two or three decades has been the formulation and testing of a life-course theory of informal social control. The theory emphasizes informal vis-a-vis formal social control. The latter includes such state sanctions as surveillance, enforced conformity, and incar ceration. Informal social-control theories call attention to social bonds between an individual and society, suggesting that an individual is more likely to commit a crime when the bonds are weak or broken (Durkheim 1897; Gottfredson and Hirschi 1990; Hirschi 1969; Kornhauser 1978; Sampson and Laub 1993) . The life-course perspective, while stressing the importance of informal social ties at all ages across the life course, differentiates the roles played by important institutions of infor mal social control on the basis of age or life span. Family, school, and peer groups are the dominant institutions of informal social control in childhood and adolescence. In adulthood, the dominant social-control institutions are mar riage and employment. Structural social condi tions, such as neighborhood poverty and family socioeconomic status, are considered an under lying but necessary part of the explanation. The family and school processes are embedded in these structural conditions. These processes mediate the structural context.
According to Sampson and Laub (1993) , the key to familial informal social control is link ing the child to family and, ultimately, society. This may be accomplished by discipline, super vision, or attachment. Any family process that undermines any of the three aspects would undermine familial social control.
Schools are another dominant institution of social control in adolescence (Gottfredson and Hirschi 1990) . With their authority and resources, schools are better organized and bet ter equipped than the family to provide social control. Also, schools often are more impartial than the family in recognizing delinquency. Peers are considered a major source of influ ence to mediate the impacts of structural back ground factors. Ethnographic studies repeatedly report the extraordinary importance of friends for adolescents, suggesting adolescents' vul nerability to peer influence (Corsaro and Eder 1990; Cusick 1973) . The differential association theory (Sutherland 1947) and the differential reinforcement theory (Akers 1985) both regard intimate involvement with delinquent friends as essential for adoption of delinquency.
In the study of adolescent delinquency, the association between friends' delinquency and a respondent's delinquency is one of the most replicated findings (Matsueda 1982; Matsueda and Anderson 1998; Matsueda and Heimer 1987) . Haynie (2001) examined the structural characteristics of adolescent friendship net works, including density (how closely an ado lescent is integrated into the peer network), centrality (an adolescent's position in the net work), and popularity (prestige of an adoles cent). She shows that these network character istics influence the level and direction of the association with friends' delinquency.
Individual Propensities for
Delinquency and Crime
The concept of self-control figures prominent ly in research on delinquency. This is because social control can have different effects due to differences in self-control or individual propen sities. Measuring individual propensities, how ever, has proved to be difficult. All the propensity measures developed to date are based on delinquent behavior, and often delinquent behavior in early life. These endogenous propen sity measures gauge behavior rather than propensity. They consequently tend to confound and mask the true effects of social control. Caspi and colleagues (1994) suggest that crime-prone individuals tend to have a higher negative emotionality and a weaker constraint. Moffitt (1993) proposes two distinct categories of individuals: adolescence-limited and life course persistent. The delinquent careers of adolescence-limited offenders are short and tend to be over when adolescence ends, where as life-course persisters start early and persist in crime over the life course. The small number of life-course persisters is responsible for a dis proportionately large number of adult crimes. Moffitt (1993) argues that the differences between the two categories are rooted in child hood, with life-course persisters associated with difficult temperament, poor verbal IQ, and low self-control. Nagin and Land (1993) , relying on statistical techniques to identify propensities, developed a mixed regression method that identifies groups of offenders with similar patterns of delinquency over the life course. They separated four distinct offending trajectories in a sample of British males:
adolescence-limiteds, high-level chron ics, low-level chronics, and nonoffenders. The group identification depends ultimately on the observed delinquency of the individuals. Gottfredson and Hirschi (1990) devote their book A General Theory of Crime to the concept of self-control rather than societal control, which is the central theme of Hirschi's (1969) previ ous book, Causes of Delinquency. Gottfredson and Hirschi suggest measuring crime-prone propensity by a number of individual charac teristics and behaviors, namely, an urge to grat ify desires immediately; a lack of diligence and persistence in a course of action; a lack of com mitment to job, marriage, and children; a lack of skills and planning; and a tendency to drink excessively, use illegal drugs, or gamble. These characteristics and behaviors indeed tend to be correlated with delinquent and criminal behav ior. The measures, however, can be criticized for being tautological because they do not define self-control or propensity for delinquency sep arately from delinquency (Akers 1991 
Genetic Propensities for Delinquency and Crime
The evolutionary perspective argues for a role of genes in aggressive behavior. Here, aggres sive behavior is adaptive because it could lend advantages in reproduction, protection of the young, and food acquirement. As Wilson (1975) points out, however, not all levels of aggression are adaptive or equally adaptive. Depending on the specific contexts of food attainment, living arrangements, physiology, and courtship pat terns in each species, some level of aggres siveness may be optimal, above which fitness is reduced.
Wilson discusses two possible constraints that evolution may impose on aggressiveness. Wrangham and Peterson 1996) . Chimpanzee violence differs from the pattern observed in other nonhuman primates and is characterized by premeditated deadly attacks on neighboring lone individuals or parties. The norm is intergroup hostility, which includes "group battles" and "gang attacks" among males. In group battles, many males join in but grievous injuries are not com monly observed. Gang attacks involve many males attacking a single individual and fre quently result in grievous injuries and deaths. Males often brutally attack females and females with young offspring. On many occasions, males deliberately target a female's infant, killing and eating it.
Assuming that chimpanzees mirror who we were millions of years ago, the descriptive data suggest that human violence is rooted in pre human history. One may even consider the descriptive data evidence for an adaptive role of violence in human evolution. Similar to obser vational human data, though, field observation of chimpanzees is hardly capable of separating genetic from nongenetic origins of violence.
Human geneticists have had remarkable suc cess in identifying individual genes with vari ations that lead to simple Mendelian traits and diseases such as phenylketonuria (PKU), sick le-cell anemia, Tay-Sachs disease, and cystic fibrosis (Botstein and Risch 2003; Risch 2000 A number of twin and sibling studies report a genetic contribution to delinquency (Christiansen 1977; Gottesman, Carey, and Hanson 1983; Malone et al. 2004; Rodgers, Buster, and Rowe 2001) . Rowe and Osgood's (1984) study represents an early investigation into genetic sources of delinquency using iden tical and fraternal twins. Molecular genetic studies of human delinquent and criminal behav ior, however, are rare. Most evidence comes from animal models and psychiatric studies. Monoamine oxidase A (MAOA) is a major enzyme that catalyzes the oxidative deamination of a number of biogenic amines in the brain, including dopamine.1 Using knockout-mouse models,2 Cases and colleagues (1995) and Shih and Thompson (1999) developed a line of mice with a targeted disruption of the MAOA gene. As a result, they observed an increase in the brain levels of dopamine, serotonin, and nor epinephrine, as well as an increase in mani fested aggression among the males. Brunner and colleagues (1993) reported mental retar dation and impulsive aggression among eight males in an extended Dutch family with an uncommon sex-specific point mutation in the MAOA gene.
Zhu and colleagues (Zhu, Chen, and Shih 1994; Zhu et al. 1992 ) and Sabol, Hu, and Hamer (1998) Many studies on genetic variants and aggres sion focus on the role of dopamine and its recep tors and transport sites (de Almeida et al. 2005; Miczek and Fish 2005; Miczek et al. 2002) . The pharmacotherapeutic interventions most commonly applied for human aggression use dopaminergic antagonists (de Almeida et al. 2005) . For example, the dopamine D2 receptor (DRD2) antagonist haloperidol has long been used to treat aggressive behavior in psychotic patients. Civelli and colleagues were the first to clone a DRD2 gene (Bunzow et al. 1988 ) and the first to describe the 3' Taql polymorphism in the gene. The Taql polymorphism is a T to C transition in the 3' noncoding region of the gene. There have been mixed findings with regard to the functional significance of this polymorphism. The DRD2*Al allele was shown to be associated with decreased receptor densi ty in one study (Pohjalainen et al. 1998) but not in others (e.g., Laruelle, Gelernter, and Innis 1998) . Evidence from Add Health shows that the DRD2* 178/304 genotype is associated with higher levels of delinquency than the DRD2*304/304 or Z>ftD2*178/178 genotype (Guo, Roettger, and Shih 2007) . The dopamine transporter gene (DAT1) codes for a dopamine transporter protein (DAT), which limits the level and duration of dopamine recep tor activation (Bannon and Whitty 1995) . A knockout mice study, which selectively disabled the DAT I gene, established the central impor tance of the dopamine transporter in controlling synaptic dopamine levels and its role as an obligatory target for the behavioral and bio chemical action of amphetamine and cocaine (Giros et al. 1996) . Vandenbergh and colleagues (1992) identified a polymorphic 40-bp repeat in the transcribed portion of the gene, which most commonly repeats 9 (DAT1 *9R) to 10 times (DAT1 * 1 OR). One study found that human sub jects homozygous4 for the 10R allele exhibit significantly lower dopamine transporter bind ing than do carriers of the 9R allele (Jacobsen et al. 2000) , although this finding was not repli cated in another study (Heinz et al. 2000) . A number of studies demonstrate an association between the 10R allele in the DAT1 gene and attention deficit hyperactivity disorder (ADHD) (Cook et al. 1995; Cornish et al. 2005; Daly et al. 1999; Gill etal. 1997; Waldmanetal. 1998 ). The DAT1 *9R allele is reported to be associat ed with both a lower score in novelty seeking and greater success in smoking cessation (Sabol et al. 1999 ). Guo and colleagues (2007) show that the trajectories of serious and violent delin quency among youths in Add Health for the DAT1*\0RJ\0R and DAT1*\0R/9R genotypes are about twice as high as that for the DAT1 *9R/9R genotype.
Gene-Environment Interactions
Gene-environment interaction refers to the assumption that an environment may influence individuals' sensitivity to the effects of a geno type and vice versa (Hunter 2005) . A classic example is that of PKU, an autosomal recessive disease that potentially causes hopeless mental and physical degeneration. However, only indi viduals with recessive mutations in the pheny lalanine hydroxylase gene who are exposed to phenylalanine in the diet are susceptible to PKU (Khoury, Adams, and Flanders 1988 Some recent educational performance stud ies using twins and siblings similarly report evidence of gene-environment interactions. Guo and Stearns (2002) show that heritability for a cognitive measure is much lower among those growing up in disadvantaged social envi ronments than among those living in "normal" environments, suggesting genetic potential's dependence on social environments. Turkheimer and colleagues (2003) (Bennett et al. 2002) , and an increased level of alcohol consumption among females (Barr et al. 2004a ).
The mechanisms of gene-environment inter action are understood only in a few isolated cases. A particularly interesting case is the inter play between the maternal behavior of mother rats and the glucorticoid receptor gene for off spring's responses to stress (Meaney, Szyf, and Seckl 2007) . Mother rats are classified into low or high licking/grooming (LG) and arched-back nursing (ABN). The latter is characterized by a mother rat nursing her offspring with her back arched and legs splayed outward. The offspring of low LG-ABN mothers were found to grow up more fearful and abnormally sensitive to stress than were offspring of high LG-ABN mothers.
Cross-fostering studies, in which pups born to low LG-ABN mothers and high LG-ABN moth ers were switched at birth, exclude the possi bility of a direct transmission of maternal care to offspring stress responses (Francis et al. 1999) .
One mechanism for gene-environment inter action is methylation, a process in which DNA sequences are chemically modified by acquir ing methyl groups to cytosine bases. DNA methylation plays an important part in the reg ulation of gene expression. Mounting evidence shows that the silencing of tumor suppressor genes by DNA methylation is a typical process in cancer development (Baylin et al. 2001) .
Methylation is a main component of epigenet ics, which are chemical instructions for gene activity that do not alter DNA sequences (Tsankova et al. 2007) . Epigenetics promises to be the key to revealing the mechanisms that regulate gene expression in response to envi ronment.
Meaney and colleagues (Weaver et al. 2004 ) discovered that rats' maternal behavior alters the dynamics of methylation and demethylation of the promoter in offspring's glucorticoid recep tor genes.
In response to stress, this receptor pro tein helps bring about gene expression in the brain. Methylation is only observed in the gene promoter shortly after birth (not before birth) and among offspring of low LG-ABN mothers.
It is hypothesized that low LG-ABN nursing causes the methylation, which leads to lowered levels of gene expression and produces more stressful animals. These biochemical and behav ioral changes are stable and tend to last for the remainder of an animal's life. In the analyses that follow, we examine the potential interactions between genetic variants and social-control processes. A genetic variant can correspond to higher or lower risks of delin quency. When a genetic variant is linked to a higher risk of delinquency, its detrimental effect may not be constant across social-control groups. Our general hypothesis is that the effect of a delinquency-increasing genetic variant will tend to be suppressed among individuals exposed to higher levels of social control (e.g., those who have a strong attachment to school and those who grow up with two biological par ents), and that the same effect tends to be ampli fied by lower levels of social control. We must add the caveat, however, that it is likely such effects will differ by sex. Female delinquent and criminal involvement has con sistently been much lower than that of males. In the United States, large gender differences have been documented by official data since the FBI began data collection during the 1930s and by self-reported survey data. Gottfredson and Hirschi (1990) suggest that the two genders may be subject to quite different self-control mechanisms. Geneticists have recently dis cussed the sex-specific genetic architecture that underlies complex human traits (Weiss et al. 2006 ). Our preliminary analysis suggests that the genetic variants act on males and females differently. For these reasons, we focus on males in this study.
Obiectives
Our analyses have two specific objectives. First, we examine the main effects of genetic propen sities on serious and violent delinquency by adding?both separately and jointly?three genetic polymorphisms to a social-control model of delinquency. The three genetic poly morphisms, mentioned earlier, are the 30-bp promoter-region VNTR in the MAOA gene, the 40-bp VNTR in the DAT I gene, and the Taql polymorphism in the DRD2 gene. (Thornberry and Krohn 2000) . Our scales are closely related to the scales used, for example, by Hagan and Foster (2003) and Haynie (2001 Haynie ( ,2003 in analy ses of Add Health data and by Hannon (2003) in an analysis of data from the 1979 National Measuring delinquency, violence, and crime is admittedly challenging. Official measures based on police reports and the prison and court system substantially underestimate delinquen cy and crime because they reflect not only the behavior of offenders but also the political processes in the justice system (Hood and Sparks 1970; Murphy, Shirly, and Witmer 1946; Robison 1936; Thornberry and Krohn 2000) . For these reasons, many criminologists have turned to self-reports in recent decades (Hindelang 1981; Hindelang, Hirschi, and Weis 1979; Thornberry and Krohn 2000) . Self reports, currently a fundamental method of measuring criminality, are capable of yielding reliable and valid data (Hindelang 2001; Thornberry and Krohn 2000) .
As with any survey of sensitive private infor The most dense network possible is one in which every member has ties to every other member. Density is measured by the observed number of ties divided by the number of possi ble ties in an adolescent's friendship network, standardized by the maximum number of friends a respondent can nominate. The ties include both "send" and "receive" nominations. An average density value of .28 indicates that 72 percent of the potential pairwise ties in an ado lescent's social network are not nominated.
Popularity is measured by the number of receive nominations, or the number of times the respondent is nominated by other students in school. Each adolescent was nominated as a friend an average of 4.84 times.
Friend delinquency is measured by the aver age number of self-reported minor delinquen cy items over the past 12 months per send-and-receive friend nomination. Perceptions of friends' behavior are considered unreliable because reporters tend to project their own behavior onto others (Bauman and Ennett 1996) . This perception bias can be corrected only with data that allow the measures of friends to be taken directly.
Compared with the delinquency items obtained from the in-home surveys at Waves I to III, and used to construct our dependent vari ables, the friend delinquency items are fewer and more minor, but they are the only delinquency items available from the friends themselves. Friend delinquency has a mean value of 5.96, indicating that friends committed an average of six minor delinquent activities over the past 12 months. 
ANALYTICAL STRATEGY AND RESULTS
We present results from both exploratory con tingency Population stratification is a major concern in genetic association studies (Marchini et al. 2004 ulation structure by adjusting for self-reported race/ethnicity in all regression analyses so that the comparisons across genotypes are made after adjusting for the effects of race/ethnicity. We also apply Allison and colleague's (1999) procedure for testing for possible population stratification (data not shown). Our findings do not seem to be affected by population strat ification. obtained from the mixed regression-models that take into account the sibling clustering.
Findings From Exploratory Analysis

Main Effects of Social Control and Genetic Propensities
The model of social control in Table 3 , which does not consider genetic variants, reveals sig nificant effects, and in the expected directions, particularly for repeating a grade in school, reli giosity, parental unemployment, and daily fam ily meals. Repeating a grade is associated with higher serious delinquency, although the result is only marginally significant (p = .09).
Attending church weekly or more corresponds with a much lower serious delinquency score, The estimates in the last two models in Table  5 that consider two interaction terms jointly are very similar to those in the models that consid Table 6 , we present interaction results between family processes and DRD2* 178/304, which is shown to be interacting with family meals in Table 5 . The two models of family meals (Models 1 and 7) for serious and violent delinquency are the same as those presented in Table 5 except that the mod els in Table 6 use fewer observations because of missing values in the addi tional family process variables. The mod els in Table 6 show only the main and interaction effects directly relevant to the particular interaction. All the other coef ficients are omitted. expelled all have a strong positive main effect on delinquency, but they do not seem to interact with MAOA*2R. The basic models in Table 8 Table 6 does two biological parents significantly predict delinquency. When two biological parents is included as a main effect, it is not related to delinquency (Tables 3,  4 , and 5).
Gene-Environment Interactions
Our findings confirm that genetic effects are not deterministic. The expression of the genes may depend heavily on environment. In both the MAOA and DRD2 models, the genotype effect changes dramatically when an interaction with environment is allowed. Conversely, the social control effect also changes radically once an interaction with a genetic variant is introduced. The latter point can be illustrated by the MAOA*2R grade retention interaction result for serious delinquency in Having meals daily with one or two parents is a powerful moderator for the effect of DRD2.
Family meals define routine and consistency in a family (Wolin and Bennett 1984) and offer an opportunity for parents to communicate with their children (Gillman et al. 2000; Neumark Sztainer et al. 2003; Neumark-Sztainer et al. 2000; Videon and Manning 2003) . Family meals may be a formal or informal "check-in" time for the physical and emotional well-being of the teens. Several studies report a positive effect of family mealtimes (Neumark-Sztainer et al. 2004) . Youth whose families eat meals togeth er spend more time on homework and reading for pleasure (Tepper 1999 programs that involve social institutions beyond the nuclear family might be implemented. The case is similar to that for PKU, in which only individuals with mutations in the phenylala nine hydroxylase gene who are exposed to phenylalanine in the diet are susceptible to PKU. The two cases do have important differences. Genetic variants associated with delinquency are likely to carry more social stigma and conse quences, such as incarceration and genetic pro filing, than would the PKU gene. Public policy programs based on these delinquency-related genes are likely to be much more delicate. Their feasibility and implications must be considered carefully. Although the particular focus of this study is on delinquency and criminality, the use of molecular genetic variants to measure genetic propensities for human behaviors and other characteristics may have much broader impli cations. Explicitly or implicitly, contemporary social sciences generally assume that all indi viduals are the same at birth and attribute indi vidual differences solely to environmental forces. Downplaying individual differences in certain historical periods may not be inappro priate. In times and places of war, famine, sharp social inequality, and epidemic diseases, innate individual differences may be far less significant than in modern, peaceful, industrialized democ racies.
Emerging molecular genetic evidence sug gests that individuals may differ in innate propensities for a wide variety of traits and behaviors. As genetic evidence increasingly points to intrinsic individual differences, the social sciences may need to incorporate this development. In studies investigating causes of delinquency, the incorporation of genetic evi dence may help to estimate social-control effects (which may be correlated with genetic effects) more precisely, improve model prediction, and reveal interactions with social-control process es. The development of contemporary molecu lar genetics has created challenges and opportunities for the social sciences. Meeting the challenges and opportunities will advance our understanding of how individual traits and behaviors are affected by social processes. 
